It has been shown that mental rotation of objects and human body parts is processed differently in the human brain. But what about body parts belonging to other primates? Does our brain process this information like any other object or does it instead maximize the structural similarities with our homologous body parts? We tried to answer this question by measuring the manual reaction time (MRT) of human participants discriminating the handedness of drawings representing the hands of four anthropoid primates (orangutan, chimpanzee, gorilla, and human). Twenty-four right-handed volunteers (13 males and 11 females) were instructed to judge the handedness of a hand drawing in palm view by pressing a left/right key. The orientation of hand drawings varied from 0º (fingers upwards) to 90º lateral (fingers pointing away from the midline), 180º (fingers downwards) and 90º medial (finger towards the midline). The results showed an effect of rotation angle (F(3, 69) = 19.57, P < 0.001), but not of hand identity, on MRTs. Moreover, for all hand drawings, a medial rotation elicited shorter MRTs than a lateral rotation (960 and 1169 ms, respectively, P < 0.05). This result has been previously observed for drawings of the human hand and related to biomechanical constraints of movement performance. Our findings indicate that anthropoid hands are essentially equivalent stimuli for handedness recognition. Since the task involves mentally simulating the posture and rotation of the hands, we wondered if "mirror neurons" could be involved in establishing the motor equivalence between the stimuli and the participants' own hands.
The ability to mentally transform the relative position/configuration of objects in space is important when planning actions. Shepard and Metzler (1) published a seminal work describing the mental representation of physical objects. The authors investigated the conscious imagery of three-dimensional objects by measuring the manual reaction time (MRT) on a task in which human participants should decide whether two drawings displayed on a computer screen corresponded to the same object or not. In order to perform the test adequately, the participants had to mentally simulate the rotation of the objects. The results showed that the dynamics of mental rotation was similar to the rotation of real objects. For instance, the time necessary to complete the mental rotation increased L.G. Gawryszewski et al.
www.bjournal.com.br with the rotation angle in a linear fashion.
Cooper and Shepard (2) extended their investigation to include drawings of human hands and studied the influence of stimulus orientation on handedness discrimination. The authors showed that the MRT of participants varied with the orientation angle of the stimuli, being shorter when the fingers pointed upwards (0º) and longer when they pointed downwards (180º). They concluded that participants mentally rotated the drawings to the vertical position before deciding on handedness. More recently, Parsons (3), using a slight variation of the protocol employed by Cooper and Shepard (2) showed that the MRT for handedness discrimination does not depend solely on the orientation of the pictures, but mainly on the difficulty in imagining our own hands assuming the position of the drawings. This conclusion arose from experiments comparing the MRT for handedness discrimination with the time spent by the participants to either move their hands onto the stimulus configuration or just imagine this movement. Based on these findings, Parsons (3) proposed that the participants, instead of mentally rotating the drawings like non-self objects, performed a mental simulation of their own hand's moving to match the picture on the screen. Furthermore, this motor imagery was subject to the same biomechanical constraints imposed on the real movement, thus explaining the longer MRTs obtained with pictures of the hands in "awkward" positions (3) .
In the present study, we evaluated the MRT of human participants discriminating the handedness of drawings of the hands of four anthropoid primates (orangutan, chimpanzee, gorilla, and human) presented in 4 orientations. Our aim was to determine whether the drawings belonging to non-human primates would be recognized as external, non-self objects, or whether they would be recognized as equivalent to the human hand. According to previous results, only in the last case would the MRT be sensitive to biomechanical constraints of the movement.
The experiments involved 24 righthanded (4) volunteers (13 males and 11 females, 18-39 years old, mean = 22.6 years), with normal or corrected vision and naïve about the purposes of the experiment. Written informed consent was obtained from all volunteers and the experiment was approved by the Fluminense Federal University Ethics Committee. Drawings of hands (about 16º x 9º) of 4 anthropoid primates (orangutan, Pongo pygmaeus; chimpanzee, Pan troglodytes; gorilla, Gorilla gorilla, and human, Homo sapiens) were displayed on a computer screen ( Figure 1A ). The drawings were presented in the following orientations (Figure 1B) : for the right hand -0º (fingers upwards), 90º (clockwise -90º lateral), 180º, or 270º (90º medial) and for the left hand -0º (fingers upwards), 90º (counterclockwise -90º lateral), 180º, or 270º (90º medial).
Experiments were carried out inside a sound-attenuated room, with a PC 486 com- Mental rotation of anthropoid hands www.bjournal.com.br puter used for both controlling the stimulus display and recording the participants' responses. Participants were positioned on a chin rest located 57 cm away from a 20" VGA computer monitor. The MEL 2.0 software was used to control the temporal sequence of events and to record MRTs. Stimuli were exhibited on the central region of the screen and the subject's task was to indicate handedness by pressing either a left or right switch. All volunteers participated in only one experimental session, which consisted of a 32-trial training block and a full session of 320 trials divided into 4 blocks separated by rest periods of a few minutes. Each trial began with the presentation of a gray screen for 1000 ms, followed by the display of a hand drawing, which remained onscreen until the subject responded by pressing a switch. Next, the gray screen was presented again for 500 ms before a new trial began. The trials with wrong or anticipatory (MRT <100 ms) responses were repeated at the end of the session. During a session, the subject was instructed to keep his/her gaze fixed on the center of the screen and to respond as fast as possible to the occurrence of the stimulus.
The number of errors made by the 24 participants corresponded to only 2.3% (0-6.4%) of the trials and those were not further analyzed. In addition, data from two participants were discarded due to the high number of errors (66 and 119 errors, respectively, corresponding to 17 and 27% of the trials).
The median MRT values were evaluated by a three-way repeated measure ANOVA with the following factors: angle (0º, 90º lateral, 180º and 90º medial), primate (orangutan, chimpanzee, gorilla, and human) and hand (left, right). The criterion for statistical significance was preset at α = 0.05.
The only factor with a significant effect on MRT was angle (F(3, 69) = 19.57, P < 0.001; Figure 2 ). There was also no significant interaction among the factors. Thus, rotation angle influenced MRT irrespective of whether the hand depicted in the drawings belonged to a human or not. Figure 2 shows the MRTs obtained for each hand orientation. The post hoc Newman-Keuls analysis showed that MRT was shorter (P < 0.05) when fingers pointed upwards (0º -875 ms) than when fingers pointed both away from the midline (90º lateral -1169 ms) and downwards (180º -1299 ms), but did not differ (P > 0.05) from the MRT obtained when fingers pointed towards the midline (90º medial -960 ms). All other MRT comparisons were significantly different. It is worth noting that there was a significant difference between the MRT to the 90º lateral (1169 ms) and 90º medial (960 ms) orientations. This suggests that biomechanical constraints (3) must be influencing the mental rotation of drawings of both human and non-human hands.
Our main finding is the equivalence of MRTs for handedness discrimination of drawings representing the hands of both human and non-human primates. These results imply that the basic elements of motor imagery associated with this task (see Refs. 3 and 5) are similar in both cases. Our initial hypothesis was that the drawings of the hands of non-human primates would be treated like drawings of other non-self objects, i.e., there would be no difference on MRTs due to the lack of biomechanical constraints on motor imagery (3, 5) . However, the results indicated just the opposite, as shown by the different MRTs for the 90º lateral and 90º medial postures (see above).
Parsons (3) had shown before that during performance of a handedness recognition task based on drawings of human hands the participants mentally simulated the movement of their own hand matching the picture displayed on the screen. According to Parsons (3), this motor imagery is subject to the same biomechanical constraints imposed on the real hand movement, thus explaining the longer MRTs obtained with pictures of hands displayed in "awkward" positions (3). In the present study, we showed that similar biomechanical restrictions seem to apply during handedness discrimination of non-conspecifics' hands, implying that in order to accomplish the task the observer also mentally simulates the movement of his/her own hand in a confirmatory fit. We suggest that the hand drawings of both humans and anthropoid primates are mapped onto the same motor representation in the brain, regardless of specific anatomical differences, because both stimuli engage the same preattentive mechanism responsible for the preliminary attribution of handedness (3,6-8, see below) .
The mentally simulated movement used for handedness discrimination activates cortical areas involved with motor control in humans (for a review, see Ref. 9) . More specifically, a PET study (9) showed that the pre-supplementary motor area, Brodmann areas (BA) 44, 46, and 4 in the left hemisphere and BA 6, 7, and 37 in the right hemisphere are involved in both motor imagery and handedness recognition.
Buccino and co-workers (10), in an fMRI study, showed that the same motor regions in the brain are activated when human participants observe an action present in their motor repertoire, such as biting, performed either by humans or monkeys. This mapping of an observed action onto the brain's motor representation may form the basis for action understanding. This hypothesis was introduced after the discovery of neurons located in area F5 of the monkey's premotor cortex that showed congruency between the visual actions they respond to and the motor behavior they specify (6, 7) . The discharge of these "mirror neurons" generates an internal motor representation of the observed action, which is involved in the understanding of motor events (6, 7, 11, 12) . Later, other areas in the monkey were shown to have the same properties, such as the superior temporal sulcus (STS) and area 7b, and were consolidated into a mirror neuron system (MNS) (for a review, see Ref. 8) . Though neurons in extrastriate visual areas, such as the inferotemporal lobe and STS (8) , also respond to hand and face stimuli (13, for reviews, see Refs. 14 and 15), and contribute to action understanding through perceptual mechanisms, they do not discharge during active self-movements.
Several sets of experimental data demonstrate that an MNS devoted to hand, mouth, and foot actions is also present in humans (10) . The homologous MNS areas in humans are the STS, the inferior parietal lobe, and the ventral premotor cortex, including Broca's area (8, 16, 17, see Ref. 18 for a review). Moreover, an fMRI study (11) has shown that the observation of actions performed with the hand, the mouth and the foot leads to the activation of different sectors within these areas (BA 44 and 6), following a somatotopic pattern that resembles the classical motor cortex homunculus (11) .
We would like to propose, as a tentative parsimonious explanation, that the handedness discrimination task we just described also engages the human MNS. More specifically, the particular orientation displayed by the hand drawing activates a corresponding subset of MNS neurons. Activation of this neuronal subpopulation would be responsible for pre-attentively triggering the implicit hand movement which precedes the conscious handedness decision (3, 5) . The motor imagery associated with this implicit action is then mapped back onto the MNS, where it resonates with a stored motor representation and allows for the adequate handedness discrimination.
